Abstract-Direction-of-arrival (DOA) estimation is very useful in many positioning applications and has been well studied and verified via computer simulation. The main contribution of this work is to design and implement a realtime DOA estimator on a software defined radio (SDR) platform. Because the RF receivers on the SDR platform are phase incoherent, this design requires a phase calibration scheme to avoid estimation errors due to phase differences between RF receivers. The DOA estimator is tested in microwave anechoic chamber. Experimental measurements show that the implemented DOA estimator can accurately estimate the directions of impinging signals.
I. INTRODUCTION
Direction-of-arrival (DOA) estimation of multiple signals is an important topic in many radar, sonar, radio astronomy and mobile communication applications [1] . Many prominent researches focus on the theoretical development of high precision and low complexity for DOA estimation algorithms. Most of the algorithms are verified the performance via computer simulation [2] [3] [4] [5] [6] [7] . But however, only few literatures describe the realistic implementation of these algorithms and real-time use in practical experiments for wireless communication environments.
Some relevant works of smart antenna system implementation have been released [8] [9] [10] [11] . In [8, 9] , a DOA estimation algorithm is implemented on FPGA and verified with emulated sources. In [10] , they use some data acquisition hardware to obtain experimental data in an anechoic chamber, and then the collected data are used for off-line test of DOA estimation and beam-forming on FPGA. In [11] , a DSP-based real-time DOA estimator is implemented; experimental results show that the estimator can estimate underwater acoustic sources directions. However, in the aforementioned works, all receiver channels are phase coherent.
In this work, the SDR platform includes four independent RF receivers, an analog-to-digital converter (ADC) and a signal processing module is used to implement a real-time DOA estimator. Because the four receivers are not phase coherent, the estimator has a selfphase-calibration function. The estimator uses a multiple signal classification (MUSIC) DOA estimation method to achieve accurate signal direction estimations [12] . The DOA estimator is tested in a microwave anechoic chamber. The measurement results show that the DOA of incoming sources can be successfully estimated.
The remainder of the paper is organized as follows. Section 2 describes the system design. Section 3 shows microwave anechoic chamber measurements. Section 4 draws conclusions.
II. SYSTEM DESIGN

A. Hardware Configuration
A block diagram of hardware design is illustrated in Fig.  1 . Four dipole antennas are configured as a uniform linear array (ULA). All antenna elements are connected to a four-port RF switching box. The RF receivers that we used in the system are independent, which means each RF receiver has its own local oscillator (LO). The initial phase of each LO can be different even when all LOs are connected to the same clock source. Therefore, a mechanism to calibrate the phase differences of all RF receiver channels is necessary. To do so, a four-port RF switching box is built to switch input sources between received signals and calibration signals. x t x t   denotes the received signals from the four-element array antenna. Fig. 3 shows the SDR platform, which is assembled by modules acquired from LYRTECH. The RF receiver modules [13] employ a super heterodyne architecture which can down convert an RF input signal to a 30MHz intermediate frequency (IF) analog signal. A subsequent high speed ADC module [14] with maximum sampling rate of 105MHz digitizes the IF analog signal. The digitized data is then sent to a signal processing module, which comprises one Virtex-4 FPGA and two TMS320C6416 DSPs [15] . The FPGA is designed to convert the digitized IF data into baseband data. One DSP is used to perform phase calibration and the other is used to execute DOA estimation algorithms based on the collected data. Additionally the signal processing module controls RF switching box via General Purpose Input/ Output (GPIO) interface.
All algorithms designed in this work are verified using Mathworks Simulink, which are then complied and programmed into the FPGA and DSPs unit.
B. Phase Calibration for RF Receivers on DSP1
In this work, we simply use the un-modulated carrier as the calibration signals. The RF calibration signals
y t y t   are firstly down converted by all RF receivers to 30MHz IF data. After IF data passing through the Digital-Down-Converter (DDC) that we designed in FPGA, the baseband calibration signal of the kth channel can be expressed as
where n denotes the discrete time samples,  is the attenuation including path loss and any processing gain, Due to the LOs at the RF receivers mutually independent, the channel phases are not identical. The goal is to estimate the phase differences between channels and to calibrate them into the same phase before DOA estimation.
be a N  1 vector, where N is the number of observation samples. Channel one 1 y is chosen as the reference channel. According to the specification of the RF receivers, the phase variation within the chosen observation time remains almost zero. The phase difference between the reference channel and the others can be obtained by solving the Least Square (LS) problem as [16] 
where the operator     returns the angle and H denotes Hermitian transpose.
The Mathworks Simulink design model of the phase estimation on DSP1 is shown in Fig. 4 . DSP1 provides DSP2 three phase estimations that can be used to calibrate the signals later received from array antenna. Fig. 5 shows the phase calibration results. 
C. MUSIC Algorithm on DSP2
where [ ] l s n is the signal of the lth wavefront, d is the spacing between the elements and c is the speed of light. Rewriting (3) in vector notation, we have
where
is the steering vector
The correlation matrix
estimated by averaging received signal samples as
where   E  denotes expectation operator and the superscript. The eigen-decomposition of R can be expressed as
where s E spans the signal subspace and n E spans the noise subspace. s D and n D are the diagonal matrices of the eigenvalues associated with s E and n E , respectively. The spatial spectrum of the ULA is expressed as
By searching  in the range 90 
III. ANECHOIC CHAMBER MEASUREMENTS
To verify performance of the DOA estimator, some tests are done in a microwave anechoic chamber. The system operates according to a flow chart illustrated in Fig. 7 , which is described in detail as the following steps: Fig. 8 shows a photograph of experiments, which are carried out in a microwave anechoic chamber. The ULA is placed around two-meter away from two transmitter sources. Two independent sources are generated from Agilent signal generators. A photograph of the SDRbased DOA estimator is shown in Fig. 9 . Table I lists experimental parameters. Fig. 10 shows the estimation results that can be real-time displayed. Clearly, the results show the estimated number of sources is 2 and two peaks occur at the spatial spectrum are 37.27 and 18.63  degrees corresponding to the DOA estimation of sources 1 and sources 2, respectively.
IV. CONCLUSIONS
In this work, a subspace DOA estimation method and self-phase-calibration function for RF receivers are implemented on a SDR platform. Experimental results in an anechoic chamber show that the system is able to detect the source number and estimate the directions of impinging signals in real-time. The system is very flexible for array reconfigurations or expansions by modifying the corresponding design software.
